Abstract: Isolated MYC rearrangement without other recurrent genetic abnormalities is rare in B lymphoblastic leukemia/ lymphoma (B-ALL/LBL), with most cases reported in pediatric patients. We report 3 adult cases with lymphoblasts showing a precursor B cell immunophenotype, and isolated MYC/IGH translocation. All 3 cases occurred in male patients with initial presentation of diffuse lymphadenopathy. Cases 1 and 2 had B-ALL with significantly increased lymphoblasts in peripheral blood and bone marrow. Case 3, a patient with human immunodeficiency virus infection, had the diagnosis of B-LBL made on a retroperitoneal lymph node biopsy and had no peripheral blood or bone marrow involvement. The leukemic and lymphoma cells in all 3 cases demonstrated Burkitt lymphoma-like morphology with deeply basophilic cytoplasm and numerous cytoplasmic vacuoles. However, all 3 had immature immunophenotypes including expression of terminal deoxynucleotidyl transferase (TdT), absence of BCL6, and dim-tonegative CD45. CD20 was largely negative in 2 of 3 cases. All 3 had confirmed MYC/IGH translocation, but lacked rearrangements of BCL2 or BCL6. EBV was negative by Epstein-Barr virus encoded small RNA in situ hybridization. Treatment protocols varied, including both high-risk ALL-type (protocol 8707) and high-grade lymphoma regimens (hyper-CVAD [cyclophosphamide, vincristine, adriamycin, and dexamethasone]), but no patient achieved continuous complete remission. These cases seem to represent a distinct biological phenomenon, in which a MYC translocation may be acquired at an immature stage of differentiation, thus manifesting features of both B-ALL/LBL and Burkitt lymphoma.
B
lymphoblastic leukemia/lymphoma (B-ALL/LBL) is a hematologic malignancy characterized by proliferation of neoplastic B-lymphoblasts in the bone marrow, peripheral blood, and lymphoid organs. It is the predominant form of ALL/LBL and accounts for 80% to 85% of all cases. 1 In the past few decades, the survival rate of B-ALL/LBL has improved dramatically and is ∼90% in the pediatric population. 2 However, the 5-year overall survival remains at 30% to 40% in adults and elderly patients despite our current knowledge of the molecular and cytogenetic underpinnings of B-ALL/LBL. 3 Therefore, a better understanding of the biology of B-ALL/LBL is needed to determine additional factors related to these poor outcomes.
MYC (c-MYC) is a transcription factor that plays multifunctional roles in cell cycle regulation, apoptosis, and cellular transformation to high-grade malignancies. In the pathogenesis of lymphoid neoplasms, the MYC gene on chromosome 8q24 is translocated to an immunoglobulin heavy chain gene on chromosome 14q32, or less commonly, the kappa and lambda light chain genes on chromosomes 2p12 and 22q11, leading to overexpression of c-MYC and induction of cellular proliferation. 4 MYC rearrangement was first discovered in Burkitt lymphoma and is commonly seen in other aggressive mature B-cell lymphomas such as diffuse large B-cell lymphoma and plasmablastic lymphoma. 5, 6 MYC rearrangement also has been described in B-ALL/LBL with concurrent BCL2 rearrangement. However, these cases are most often secondary, representing progression from follicular lymphoma. [7] [8] [9] [10] MYC rearrangement is rarely observed in B-ALL/LBL in the absence of the t(14;18) IGH/BCL2 rearrangement.
In this report we present 3 unusual adult cases of B-ALL/LBL with Burkitt lymphoma-like morphology. Lymphoblasts in all 3 cases harbored t(8;14)(q24;q32) IGH/MYC translocation. The initial differential diagnosis included Burkitt leukemia/lymphoma, B ALL/LBL, and high-grade B-cell lymphoma, not otherwise specified, based on the morphology and MYC translocation. 6 However, all cases displayed an immature B-cell immunophenotype, leading to a final diagnosis of MYC + B-ALL/LBL.
MATERIALS AND METHODS

Clinical Features Case 1
A 70-year-old man presented with dyspnea on exertion, worsening back pain and acute renal failure. The patient had a past medical history of hypertension, diabetes, hyperlipidemia, pulmonary embolism, and chronic back pain. Imaging studies revealed massive splenomegaly, anterior pericardial, upper abdominal, and retroperitoneal lymphadenopathy. A complete blood count (CBC) showed a white cell count of 14.3×10 9 /L, hemoglobin 11.0 g/dL, mean corpuscular volume (MCV) 80 fL, and platelet count of 38×10 9 /L. The patient was also found to have elevated lactic dehydrogenase (LDH) (2309 U/L, reference range, 122 to 222 U/L), uric acid (11.3 mg/dL, reference range, 3.7 to 8.0 mg/dL), and beta hydroxybutyrate (1.3 mmol/L, reference range, <0.4 mmol/L). Peripheral blood and bone marrow demonstrated 20% and 80% blasts, respectively. Flow cytometry and immunohistochemical stains confirmed the diagnosis of B-ALL. The patient received hyper-CVAD (cyclophosphamide, vincristine, adriamycin, and dexamethasone), and intrathecal methotrexate. Unfortunately, the patient developed kidney failure and expired while undergoing therapy.
Case 2
A 56-year-old previously healthy man presented with 2 weeks of increasing fatigue and intermittent headaches. Imaging studies demonstrated mediastinal and axillary lymphadenopathy and hepatosplenomegaly. CBC showed a white blood cell count of 129.0×10 9 /L, hemoglobin 10.8 g/dL, MCV 91 fL, and platelet count of 13×10 9 /L. The patient was also found to have an elevated LDH 7033 U/L, creatinine (2.6 mg/dL, reference range, 0.71 to 1.22 mg/dL), and markedly increased aspartate transaminase (233 U/L, reference range, 17 to 42 U/L). Both peripheral blood and bone marrow showed over 90% blasts. Flow cytometry and immunohistochemical stains confirmed the diagnosis of B-ALL. After diagnosis, the patient received intensified and shortened cyclical chemotherapy (protocol 8707) 11 with initial remission and minimal residual disease, but with progression 2 months after treatment. The patient refused further intervention and presented with recurrent leukocytosis 7 months after initial diagnosis. Protocol 8707 resumed and patient achieved remission with pancytopenia. The patient was transferred to another hospital and was lost to follow-up.
Case 3
A 44-year-old man presented with right flank and back pain for 1 month without fever or significant weight loss. He had a history of human immunodeficiency virus infection for 6 years without prior treatment. Imaging studies showed bulky mesenteric and retroperitoneal lymphadenopathy abutting the right ureter, and a few small right axillary and mediastinal lymph nodes. CBC showed white cell count of 6.9×10 9 /L, hemoglobin 12.9 g/ dL, MCV 88 fL, and platelet count of 275×10 9 /L. No circulating blasts were seen. The patient had elevated LDH 509 U/L whereas liver and kidney function tests were within the normal range. His CD4 T cell count was 316/µL with an human immunodeficiency virus viral load of 24,000 copies/mL. A diagnosis of B-LBL was made on the retroperitoneal lymph node biopsy. Bone marrow biopsy revealed 15% to 20% polytypic plasma cells with no evidence of involvement by leukemia/lymphoma. Cerebrospinal fluid also showed no evidence of malignancy. After diagnosis, patient received hyper-CVAD and decreased lymphadenopathy, but with persistent disease. The patient was deemed to be in partial remission and is being prepared for a stem cell transplant.
Immunohistochemistry and EBER In Situ Hybridization
Immunohistochemical stains for BCL-2, BCL-6, CD10, CD19, CD20, CD34, CD79a, CD99, CD117, C-MYC, Cyclin D1, MPO, MUM-1, PAX-5, TdT, and Ki-67 (Dako, Santa Clara, CA; LEICA Microsystems, Buffalo Grove, IL; Abcam, Cambridge, MA) were performed on formalin-fixed, paraffin-embedded tissue sections after routine procedures. Epstein-Barr virus encoded small RNA (EBER) in situ hybridizattion was performed on formalin-fixed, paraffin-embedded sections as previously described. 12 
Flow Cytometry
Bone marrow aspirate and fresh tissue specimens were processed and incubated with antibodies for 15 to 20 minutes, washed, and resuspended with phosphate-buffered saline. The sample was then analyzed by flow cytometry immunophenotyping. Fluorochrome-conjugated monoclonal antibodies against the following antigens were used: CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD11b, CD11c, CD13, CD15, CD16, CD19, CD20, CD22, CD23, CD33, CD34, CD38, CD45, CD56, CD64, CD79a, CD117, cMPO, cCD3, HLA-DR, sKappa, sLambda, TdT, (Becton Dickinson, San Diego, CA; Dako). Cell viability was distinguished by staining with 7-amino-actinomycin D or Propidium Iodide in case 2. All fresh samples and cell lines were gated according to their light scatter characteristics. Data were analyzed using BD FACS Canto II flow cytometer (Becton Dickinson).
Fluorescence In Situ Hybridization
Fluorescence in situ hybridization (FISH) analysis was performed on bone marrow aspirate and lymph node specimens according to standard protocols by Mayo Clinic Laboratories (Rochester, MN) in case 1, Integrated Oncology (Phoenix, AZ) in case 2, and NeoGenomics Laboratories (Fort Myers, FL) in case 3. At least 200 interphase nuclei were analyzed for each probe. FISH probes used in this study included C-MYC dual-color, break-apart rearrange-ment probe; MYC/IGH dual-color, dual fusion translocation probe; MYC/IGK dual-color, dual-fusion translocation probe; MYC/IGL dual-color, dual-fusion translocation probe; and CEN8/MYC/IGH 3-color, dual-fusion translocation probe. For investigation of the BCL2 and BCL6 genes, dualcolor break-apart rearrangement probes were used, targeting 18q21 and 3q27, respectively.
Cytogenetic Analysis
Conventional cytogenetic analysis was performed on metaphase cells prepared from bone marrow aspirate specimens by Mayo Clinic Laboratories in case 1, and UCSF Medical Center in case 2 using standard techniques. Giemsa-banded metaphases were analyzed, and the results were reported using the International System for Human Cytogenetic Nomenclature.
RESULTS
Microscopic Findings
In case 1, peripheral blood and bone marrow demonstrated 20% and 80% blasts, respectively. In case 2, both peripheral blood and bone marrow showed over 90% blasts. Circulating blasts in both cases were intermediate in size, demonstrated round to ovoid nuclei, fine chromatin, and deeply basophilic cytoplasm with numerous vacuoles, resembling Burkitt lymphoma (Fig. 1) . Bone marrow aspirate and biopsy revealed a diffuse infiltrate of blasts with similar morphology. Mitotic figures and tingible body macrophages were evident. In case 3, hematoxylin and eosin sections of the core biopsy of retroperitoneal lymph node revealed an infiltrate of atypical lymphoid cells in a fibrotic background (Fig. 2) . The cells were intermediate-to-large in size with irregular nuclei, fine chromatin, small basophilic nucleoli, and a variably high nuclear-to-cytoplasmic ratio. Mitotic figures were easily identified. Scattered small mature lymphocytes were intermixed. The atypical lymphoid cells on touch preps showed Burkitt lymphoma-like morphology with frequent cytoplasmic vacuoles.
Immunohistochemical stains were performed on bone marrow and lymph node biopsies. In case 1, the blasts were positive for CD19, PAX-5, CD79a, CD10, TdT (diffuse and strong), MUM-1, and C-MYC, and were negative for CD20, CD34, BCL-2, BCL-6, Cyclin D1, CD99, MPO, and CD117. Ki-67 showed a proliferative rate of ∼90%. In case 2, the blasts were positive for PAX-5, CD79a, CD10, TdT (10%), C-MYC, and were negative for CD20, CD34, BCL-2, BCL-6, and Cyclin D1. Ki-67 showed a very high proliferative rate of > 90%. In case 3, the atypical cells were positive for PAX-5, TdT (diffuse and strong), CD20, CD10, CD99, and were negative for CD34, BCL-2, BCL-6, MUM-1, and CD117. Ki-67 showed a proliferative rate of > 90%. CD3 highlighted interspersed background small T lymphocytes. EBER in situ hybridization was negative in all 3 cases.
Flow Cytometry
In case 1, flow cytometric analysis of bone marrow showed 75% of events were an atypical population in the CD45 dim gate (Fig. 3A) with expression of CD10 (Fig. 3B), CD19 (Fig. 3C) , dim-to absent CD20 (Fig. 3D) , TdT (Fig. 3E) , and lambda light chain restriction, and with no expression of CD34. In case 2, flow cytometry analysis of bone marrow demonstrated 87% of events were abnormal B cells with slightly dim CD45 and low side scatter (Fig. 3F) with expression of CD10, CD19 (Fig. 3G) , weak CD20 (15% of gated events), CD22, weak CD33, bright CD38, and cCD79a, without coexpression of surface kappa (Fig. 3H) or lambda light chains (Fig. 3I) . Possible minor subsets expressed dim CD34 or TdT (< 5% of gated events, Fig. 3J ). These abnormal B cells were negative for T-cell markers, myeloid markers, MPO, and cCD3. In case 3, flow cytometry analysis was limited by low cellularity, whereas the CD45 − cells were positive for CD19, CD20, and CD10 and were negative for surface light chains.
Fluorescence In Situ Hybridization
FISH studies of all 3 cases revealed t(8;14)(q24;q32) IGH/MYC translocation (Fig. 4) . There was no evidence of t(14;18)(q32;21) IGH/BCL2 or BCL6 rearrangement. In case 1, ∼8% of nuclei had 3 to 4 copies of the IGL gene region (at 22q11.2). This result indicated additional copies of chromosome 22 or a 22q duplication. In case 3, there were additional copies of the BCL6 gene or chromosome 3, suggesting gains of BCL6 gene or chromosome 3.
Cytogenetic Findings
In case 1, 7 of the 20 metaphases were normal, whereas 8 metaphases had a 5q deletion and 5 metaphases had loss of the Y chromosome. To determine whether the metaphases with 5q deletion were associated with the B-cell lymphoma clone, FISH for MYC and IGH was performed on several metaphases with the 5q deletion.
These results indicated a normal result for MYC and IGH in the 5q deletion metaphases. The combined chromosome and metaphase FISH results strongly suggested that the metaphases with the 5q deletion represent a neoplastic process unrelated to the B-ALL/LBL and were concerning for an evolving/underlying myeloid neoplasm. It was noted that megakaryocytes were clustered in the marrow with small hypolobated forms. This was consistent with the cytogenetics finding of deletion and a diagnosis of myelodysplastic syndrome with del(5q) − . 13 In case 2, chromosomal study was limited with reduced capability of detecting clonal abnormalities. Only 4 analyzable metaphase cells were obtained from this specimen and 3 of them had an apparently normal male karyotype. The remaining cell showed a loss of chromosome 14, which could not be further evaluated in this study. A full cytogenetic karyotype was not obtained in case 3.
DISCUSSION
In the WHO classification, Burkitt lymphoma is defined as a mature B-cell lymphoma, and lacks the precursor B cell immunophenotype of B-ALL/LBL. Although it occasionally presents with bone marrow or peripheral blood involvement, as seen in the L3 subtype of ALL in the FAB classification, 14 these cases share the mature B-cell phenotype of Burkitt lymphoma. Although implicated in many mature B cell lymphomas, MYC rearrangement has been reported only rarely in B-ALL/ LBL. In a study of 5280 cases of pediatric ALL, only 5 with isolated MYC rearrangement were identified, <0.1%. 15 MYC rearrangement has been reported rarely in lymphoblastic malignancies occurring as progression of underlying follicular lymphoma. These tumors manifest a double-hit, with rearrangements of both the MYC and BCL2 genes, and can present either in bone marrow or peripheral lymphoid tissues. [8] [9] [10] De novo lymphoblastic malignancies with an isolated MYC translocation have been only rarely identified. 7 Since 1980, only 13 cases of B-ALL/LBL with isolated MYC rearrangement were reported. [15] [16] [17] [18] [19] [20] [21] [22] [23] Like other B-ALL/LBLs, the majority of the cases occurred in pediatric patients and only 3 cases were reported in adults 17, 24, 25 (Table 1) , including 2 cases of B-ALL and 1 case of B-LBL without bone marrow involvement. 25 The majority of the cases demonstrated Burkitt-like morphology. In this study, we report 3 additional adult cases with a precursor B cell immunophenotype, Burkitt leukemia/lymphoma-like morphology, and isolated MYC rearrangement. Similar to previously reported adult cases, 2 of our cases were B-ALL and 1 was B-LBL without bone marrow and peripheral blood involvement.
In the 2 cases of adult B-ALL with isolated MYC rearrangement, the morphology of the blasts resembled that of Burkitt lymphoma, with deeply basophlic cytoplasm and cytoplasmic vacuoles. In the case of B-LBL, the touch prep showed similar cytologic features as the B-ALL cases, whereas the nuclei were more pleomorphic on the core biopsy, probably due to the background sclerosis. On the basis of these morphologic features, Burkitt leukemia/lymphoma was considered in the differential diagnosis. The distinction between Burkitt leukemia/lymphoma and B-ALL/LBL is important, as different treatment strategies would be applied, depending on the final diagnosis.
Among all of the reported adult B-ALL/LBL cases, case 1 in our report is the only 1 showing surface light chain immunoglobulin expression. Case 1 was classified as B-ALL/LBL based on the dim CD45 expression, strong and diffuse TdT expression and dim-to-absent CD20 in the lymphoblasts. Although unusual, coexpression of surface light chains and TdT has been reported in B-ALL previously. 23, 26 In fact, the expression of TdT was variable in the reported pediatric and adult cases B-ALL/LBL with isolated MYC rearrangement, a finding recapitulated in our series. Case 2 was positive for TdT in only 10% of the cells, but had an immature phenotype by other criteria. CD34 has been reported negative in all adult cases, and was positive in only 1 of the pediatric cases . 15 Further evidence against a diagnosis of Burkitt lymphoma was absence of BCL-6 expression in all reported cases, including the current report. The variation in CD20, CD34, TdT, and surface immunoglobulin expression in these cases indicates the arrest of differentiation at varying stages of precursor B-cell maturation.
Compared with MYC + B-ALL, B-LBL with isolated MYC rearrangement is extremely rare. To the best of our knowledge, there was only 1 case reported previously. Case 3 in this study may represent the second case, presenting as lymphadenopathy without bone marrow and peripheral blood involvement. Hepatomegaly or splenomegaly were part of the initial clinical presentation of the MYC + B-ALL cases but were not seen in those presenting as lymphoma. The previously reported MYC + B-LBL patient was treated with R-CHOP and our patient was treated with hyper-CVAD. Both patients showed a good response to chemotherapy, suggesting that a treatment approach for Burkitt lymphoma rather than B-ALL/ LBL may be warranted in these patients.
MYC rearrangement is most frequently associated with Burkitt lymphoma, yet it also has been reported in other mature and immature B-cell neoplasms. The rearrangement most commonly involves MYC at 8q24 and the IGH gene 14q32. A minority of the cases carry t(2;8)(p11; q24) or t(8;22)(q24;q11) chromosomal rearrangements. These 3 rearrangements share the juxtaposition of MYC protooncogene on chromosome 8 and either the heavy or light chain immunoglobulin genes. 27 MYC rearrangement was also reported to involve a nonimmunoglobulin 19 This novel translocation was detected at the time of his second relapse, and the patient died 3 months later without achieving complete remission. Because of the rarity of these cases, MYC is not routinely tested in B-ALL/LBL. However, our study calls attention to this rare event, and additional FISH or cytogenetic studies would be indicated in cases with variant morphology, as reported here. Isolated MYC rearrangement without other recurrent genetic abnormalities represents a rare entity in B-ALL/LBL, especially in adult patients.
These cases seem to represent a distinct biological phenomenon, in which a MYC translocation may be acquired at an immature stage of differentiation, in which the tumor cells still express TdT and lack a mature B-cell phenotype. The mechanism underlying the MYC translocation may differ in these novel cases, and requires further investigation. Differences in the site of the MYC break have been reported in different forms of Burkitt lymphoma, with differences seen in endemic and sporadic cases. 28, 29 Thus, the maturational stage of the B cell in which the translocation occurs is thought to influence the site of the MYC break. Although some pediatric B-ALL/ LBL with isolated MYC rearrangement have been successfully treated, relapse is common in adult cases, which indicates a need for a better understanding of this rare entity in the adult population.
